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pT resummation

» production of colorless particle (mass M)

> problem: pr distribution diverges at pt — 0

do/dp! [pb]
002 | | |
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. fixed order
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pT resummation

v

production of colorless particle (mass M)

v

problem: pr distribution diverges at pt — 0

v

reason: large logs In p%-/M2 for pr < M

as: In(pF/M?), In*(p%/M?)
a5 i In(pT/M?), In*(pT/M?), In*(pT/M?), In*(pT/M?)

solution: all order resummation

v
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pT resummation

» production of colorless particle (mass M)
> problem: pr distribution diverges at pt — 0
> reason: large logs In p%-/M2 for pr < M

as:  In(pF/M?), In*(p%/M?)
a5 i In(pT/M?), In*(pT/M?), In*(pT/M?), In*(pT/M?)

do/dp! [pb]
0.02 T T

» solution: all order resummation

0015 i ]

...... fixed order
} — resummed
001 £ E
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pT resummation

v

production of colorless particle (mass M)

v

problem: pr distribution diverges at pt — 0

v

reason: large logs In p%-/M2 for pr < M

as: In(pF/M?), In*(p%/M?)
a5 i In(pT/M?), In*(pT/M?), In*(pT/M?), In*(pT/M?)

solution: all order resummation
» factorization of soft and collinear radiation in matrixelements

B > e

— allows for resummation
» done in impact parameter (b) space

v
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do

dp>

N/dy/db Jo(b pr) S(b, A, B) Hy iy fu

» Hn = Hy Cy Cy

[ (22) + 5]}
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do

dp>

N/dy/db Jo(b pr) S(b, A, B) Hy iy fu

v

Hn = Hy Cy Cy
coefficients A, B, C, H (H) perturbative
born initial state gg or qg

v

v

» A, B, C process independent
H (H) process dependent

mi  dg? m,2_,
S(b, A, B) = exp —/ — |Aln +B
b2/b? g g

M. Wiesemann (University of Ziirich) H(bb) production: resummed pT spectrum June 19, 2014 3/20




Transverse momentum resummation

» developed already 30 years ago
[Parisi, Petronzio '79], [Dokshitzer, Diakonov, Troian '80], [Curci, Greco, Srivastava
'79], [Bassetto, Ciafaloni, Marchesini '80], [Kodaira, Trentadue '82], [Collins, Soper,
Sterman '85]

> we use newer formulation including various improvements:

[Catani, de Florian, Grazzini '01], [Bozzi, Catani, de Florian, Grazzini '06]

» H embodies whole process dependence
» L=1In(Qb?/b2) — L' =In(Q?b?/b3 +1)

— reduction of impact at high pr (low b)
— unitarity constraint
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Matching

» matched (resummed) cross section:

do

2
de f.o.+l.a.

dotdpf [pb]

0.02

0015

001

0.005
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Matching

» matched (resummed) cross section:

do do

1.2 - | 3.2
dPT J o i1a dpt |4,

do/dp¥ [pb]
0.02 po

0015 F % ]
[ fixed order ]

0005 3
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Matching

» matched (resummed) cross section:

do do do(res)
112 = | 53,2 T aa2
de f.o.+l.a. de f.o. de f.o.
do/dp¥ [pb]
0.02 A
0015 | B
444444 fixed order
--- logs
001 |
0.005 |
o0 b
0
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Matching

» matched (resummed) cross section:

do do C10.(res)
apz =zl Tl
de f.o.+l.a. de f.o. de f.o.
do/dpt! [pb]
0.02 H T
0015 [ E
444444 fixed order
--- logs 3
001 —-— Ifo-logs| —
0.005 -
0 EL
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Matching

» matched (resummed) cross section:

do do do(res) do(res)
In2 = | 95,2 T T aa2 Tap2
de f.o.+l.a. de f.o. de f.o. de l.a.
do/dp¥ [pb]
0.02 H T
0015 | E
444444 fixed order
--- logs ]
001 £ /7 —— Ifo.-logs! E
—-.- resummed logs ]
i
0.005 i
i
j,
0 &
0
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Matching

» matched (resummed) cross section:

do do do(res) do(res)
dp2 ~ |dp2 - Tdp2 dp2
PT f.o.+l.a. PT f.o. PT f.o. PT l.a.
do/dpH [pb]
0.02 A
0015 | E
444444 fixed order
--- logs 3
001 £ /7 —— Ifo.-logs! E
—..- resummed logs
—— matched
0.005
0 R
0 20 40 60 80 100
pH [GeV]
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Matching

> unitarity (due to L — L'):

do
/dp%— T = [a(t"t)]f .
PT f.o.+l.a. o
doy/dp! [pb]
0.02 T
0015 [ B
— matched
=g total 1
001 | E
N !
0.005 [ 2 E
£ Do
£ e
00 20 40 60 80 100

pi [GeV]
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Applications

>

M. Wiesemann

Higgs production through gluon fusion (heavy-top limit)

[Bozzi, Catani, de Florian, Grazzini '06]

Slepton pair production

[Bozzi, Fuks, Klasen '06]

Vector boson pair production: WW and ZZ
[Grazzini '06], [Grazzini, Frederix '08]

Drell-Yan

[Bozzi, Catani, Ferrera, de Florian, Grazzini '10]

Higgs production through gluon fusion with full mass
dependence
[Mantler, MW '12], [Grazzini, Sargsyan '13]
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Applications

>

M. Wiesemann

Higgs production through gluon fusion (heavy-top limit)

[Bozzi, Catani, de Florian, Grazzini '06]

Slepton pair production

[Bozzi, Fuks, Klasen '06]

Vector boson pair production: WW and ZZ
[Grazzini '06], [Grazzini, Frederix '08]

Drell-Yan

[Bozzi, Catani, Ferrera, de Florian, Grazzini '10]

Higgs production through gluon fusion with full mass
dependence

[Mantler, MW '12], [Grazzini, Sargsyan '13]

new: Higgs production through bottom annihilation
[Harlander, Tripathi, MW '14]
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2. Associated H(bb) production
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Associated H(bb) production

10°

M, = 125 GeV
MSTW2008

» SM:
> inclusively negligible
> sizeable with b-tagging:
H+ b and H+ bb
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Associated H(bb) production

IC HIGGS XS WG 2014

Emz 'SusHi (ggH + 5FSbbH) | 1% T KSusHi(ggH +5FSbbH) ~ ™ " T3g

= . fs=8TeV 157 2. of EH

X 10 \ i < 10%E % EH

+ Homr b i

< ] -G/ S 48

Q 3 Q. F H 4

g ] & 1L i 1

© ] © E h

—gg-A 107 _ggun 3

10 —-gg— h/H = F —-gg—>hH J

3 “E —bbA 3

J - bbh/H ]

10°E tanB=30 3

[ M mog SCENAri0 ] E M}, mog SCENAriO N

104 1 L L L PR R 3( 104 1 L L L PR R
102 10° 102 10°
M, [GeV] M, [GeV]
» SM: > MSSM/2HDM:

» inclusively negligible » 3 neutral Higgs: h, H and A

> sizeable with b-tagging: > v, /y: enhanced by tan 8
H-+ band H+ bb » h: constrained to be SM-like

» H, A: dominant for large tan 8
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Associated H(bb) production: 4FS vs. 5FS

4-flavour scheme 5-flavour scheme
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Associated H(bb) production: 4FS vs. 5FS

4-flavour scheme 5-flavour scheme

» exclusive up to NLO » inclusive up to NNLO
[Dittmaier, Kramer, Spira '04] [Harlander, Kilgore '03]
[Dawson, Jackson, Reina, Wackeroth '04] » exclusive up to NNLO

[Buehler, Herzog, Lazopoulos,

Mueller '12]

» NLO+NLL py resummation
[Belyaev, Nadolsky, Yuan '06]
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3. Resummed p7 distribution in the 5FS
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Ingredients of the calculation

[ do B l do ]
A2 — | an2
de f.o.+l.a. de f.o.

» analytic py-distribution at NNLO [Ozeren '10]

Qs:
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Ingredients of the calculation

[ do B [ do ] [da(res)]
A2 — | an2 - 2
de f.o.+l.a. de f.o. de f.o.

» analytic py-distribution at NNLO [Ozeren '10]

» resummation coefficients from Drell-Yan
A(l), A(2), B(l) [Kodaira, Trentadue '82], C(l) [Davies, Stirling '84],
A(3) [Becher, Neubert '11], C(z) (H(z)) [Catani, Cieri, de Florian, Grazzini '12]
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Ingredients of the calculation

M. Wiesemann

[ do B l do ] [da(res)]
A2 — | an2 - 2
de f.o.+l.a. de f.o. de f.o.

analytic pr-distribution at NNLO [Ozeren '10]

resummation coefficients from Drell-Yan
A(l), A(2), B(l) [Kodaira, Trentadue '82], C(l) [Davies, Stirling '84],
A(3) [Becher, Neubert '11], C(z) (H(z)) [Catani, Cieri, de Florian, Grazzini '12]

HbEH(l) =3Cr
NewW: [Harlander, Tripathi, MW '14]
HbbH(2) = 10.47 £ 0.08 (numerical result)

HPPHE) = CF[(36241 igﬂz) Crt ( mTh

+(%_%W _4C3) }

from universal form of H® [Catani, Cieri, de Florian, Grazzini '13]
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Ingredients of the calculation

M. Wiesemann

NewW: [Harlander, Tripathi, MW '14]

[ do B l do ] [da(res)]
A2 — | an2 - 2
de f.o.+l.a. de f.o. de f.o.

analytic pr-distribution at NNLO [Ozeren '10]

resummation coefficients from Drell-Yan
A(l), A(2), B(l) [Kodaira, Trentadue '82], C(l) [Davies, Stirling '84],
A(3) [Becher, Neubert '11], C(z) (H(z)) [Catani, Cieri, de Florian, Grazzini '12]

HbEH(l) =3Cr

HbPH(2) = 10.47 + 0.08 (numerical result)
HEBH) = ¢, [ (- Br2) et (-2 + 2) Ny

5260 5.2 9 _
+ (W — 1T - zCs) CA:| =1052...
from universal form of H®) [Catani, Cierd, de Florian, Grazzini '13]
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Ingredients of the calculation

[ do [ do ] [da(res)] [da('es)]
A = _— J— - + -

2 2 2 2
de f.o.+l.a. de f.o. de f.o. de l.a.

analytic pr-distribution at NNLO [Ozeren '10]

v

» resummation coefficients from Drell-Yan

A(l), A(2), B(l) [Kodaira, Trentadue '82], C(l) [Davies, Stirling '84],

AB) [Becher, Neubert '11], C(?) (H(?)) [Catani, Cieri, de Florian, Grazzini '12]
+ HbbH(1) jnd HbPH(2)

v

v

third term: modified version of HqT
[Bozzi, Catani, de Florian, Grazzini '03 '05]

[de Florian, Ferrera, Grazzini, Tommasini '11]
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Checks

» analytic NNLO pt-distribution checked against numerical
H +jet calculation at NLO [Harlander, Ozeren, MW '10]

do/dp!! [pb]
002 T

> integral of matched cross section = total

» for various pf, pg values oos ;

— matched
total

» integral Qs-independent

. dofdpH [pb] prGeV]
» fixed order (pr — 0) = logs (p7 — 0) oo g
> i
for various e, g values s ]
» independent of Qres T foed order
001 | —— Ifo-logs| E
0.005 E
0 C L L o,
0 20 40 60 80 100

i [Gev]
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Results

pt distribution at NLO+NLL (left: Q = my /2, right: Q = my/4):
[Harlander, Tripathi, MW '14], [Belyaev, Nadolsky, Yuan '06]

do _ | do do(res) do(res)
dp? — | dp? | Tdp? + dp2
T INLO+NLL T1NLO T INLO T JINLL
H H
o, 407dpT [pb/GeV] o 407dpT [pPb/GeV]
- L B L B | L L L N L L L L L L L L L SN
LHC@3 TeV LHC@STeV |3
001 L= my=1256GeV (1 o myy = 1256 GeV | ]
’ . Ho = my E ’ Ho = my
Qp=my /2 E Qy=my/4
0.001 —— NLO+NLL E 0.001 —— NLO+NLL E
0.0001 00001 L
le-05 le-05 &
le-06 1e-06 |
le07 Lo vt v vt ] le07 Lo vt vt ]
0 50 100 150 200 250 300 0 50 100 150 200 250 300
P Gev] Pl [Gev]
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Results

pt distribution at NLO+NLL (left: Q = my /2, right: Q = my/4):
[Harlander, Tripathi, MW '14], [Belyaev, Nadolsky, Yuan '06]

do _ | do do(res) do(res)
dp? — | dp? | Tdp? + dp2
T INLO+NLL T1NLO T INLO T JINLL
H H
| 4o/dpr [pb/GeV] | do/dp [pb/GeV]
N oy N T CARRE
001 my = 125.6 GeV ] 001 my = 125.6 GeV 7;
s Ho =my E Ho =my 3
Qy=my/2 ] Qy=my/4
0.001 —— NLO+NLL E 0.001 —— NLO+NLL E
0.0001 0.0001 -
le-05 1e-05 L
le-06 le-06 L
le-07'""'"""""""""""'7 13_07....|....|....|....|....|....7
0 50 100 150 200 250 300 0 50 100 150 200 250 300
. H
higher order effect! [Banfi, Monni, Zanderighi '13] pr[GeV]
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Results

pT1 distribution at NNLO+NNLL:
[Harlander, Tripathi, MW '14]

do

do(res)

=Tor = |3z = % o
4PT | NNLO-NNLL 4PT | nnLo 4T nnLo dpy

o |

do/dp™ [pb/GeV]
l T T

T T T
: LHC@8 TeV
001 [ my =125.6 GeV |
’ S Ho = my
Qy=my /4
0.001 — NNLO+NNLL 3
0.0001
le-05
1e-06
16'07 1 1 1 1 1
0 50 100 150 200 250
H
pr [GeV]
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Results

Scale uncertainties (left: Q, right: Q + ur+pr):
[Harlander, Tripathi, MW '14]

do do da(ves) do.(res)
dp2 = clp2 - dp2 + dp2
T INNLO+NNLL T INNLO T INNLO T INNLL

do/dp} [pb/GeV] do/dp} [pb/GeV]
T
LHC@8TeV |7 LHC@8TeV |7
0016 1 my=1256Gev |1 0016 F myy = 1256GeV |7
0014 | Ho =my 3 0014 £ Hg = my 1
Qy=my /4 ] Qy=my /4 ]
0012 |- . NLO+NLL 7: 0012 |- NLO+NLL 7:
001 £ NNLO+NNLL 3 o1 NNLO+NNLL ]
0008 1 ooos i
0006 1 0006 E
0,004 E i
0002 1 o002 E
0 vl b b b b Ly TTTT ] 0 s ool b b by v by o By y VTP ]
0 10 20 30 40 50 60 70 8 90 0 10 20 30 40 50 60 70 8 90

P Gev] Pl [Gev]
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Results

Q=my/2vs. Q= my/4:
[Harlander, Tripathi, MW '14]

4PT | NNLO+NNLL

do do(res) do(res)
dp2 | dp2 + dp2
T INNLO T INNLO T INNLL

1 do/dp} [pb/GeV]

. do/dp} [pb/GeV]

001 e T
LHC@8 TeV
my = 125.6 GeV
0.008 Ho=my
0006 | NNLO+NNLL Qy=myy/2

s NNLO+NNLL Qy=myy/4

0.004

0.002

0 10 20 30 40 50 60 70 80 90
PHIGeV]

M. Wiesemann (University of Ziirich)

H(bb) production: resummed p7 spectrum

0018 P e
LHC@8 TeV

0016 |- my = 125.6 GeV

0014 | Ho = my

0012 NLO+NLL Qy=myy/2

001 NLO+NLL Qq=myy/4

0.008
0.006
0.004
0.002

0 100 20 30 40 50 60 70 80 90
H
pr [GeV]
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Results

Comparison to 5FS NLO+PS:
[Frederix, Frixione, Hirschi, Maltoni, Torielli, MW]

normalized curves!

( pt Higgs incl central value

1071 T T
", bbH @ LHC 13 TeV, My=125 GeV (pb/bin) 5FS NNLL ]
Sy, —— OFS HW++ ]
102 b ——oFSPY8
1078 |-
1074 P | .
E reliminary £
e e I e S e I
1.4 —
1.2 —
poflerr ™ g o oann gl
08F
] S I R B
0 50 100 150 200
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Results

Comparison to 4FS and 5FS NLO+PS:
[Frederix, Frixione, Hirschi, Maltoni, Torielli, MW]

normalized curves!

( pt Higgs incl central value

107! T T
Eff—"%,_bbH @ LHC 13 TeV, My=125 GeV (pb/bin) 5FS NNLL ]
i Sy —— 5FS HW++
10-2 I —srs Py |
—— 4FS HW++ ]
1073 —=
1074 |-

AT
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Conclusions and Outlook

Conclusions:

>

>

>

H(bb) production important for H and A in MSSM/2HDM
missing hard coefficient at two-loop for H(bb) determined
first calculation of NNLL pr-effects for H(bb) production
strong reduction of resummation scale dependence
perfect matching at NNLO+NNLL for Q = my /4
remarkable agreement of 5FS NNLO+NNLL with NLO+PS
spectrum in 4FS significantly harder

Outlook:

>

first NLO+PS in 4FS

» complete differential comparison 4FS and 5FS for H(bb)
» fully differential NNLO for bb — H

M. Wiesemann
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Resummation coefficients: determination of H

» DY resummation coefficients known up to NNLL and universal

LL: A
NLL: A B() (D)
NNLL: A®), B ¢(2)

> except HfbH’(l) and HfbH’(z)

. ng(l) — 3¢,
> new: H}:BHQ)

M. Wiesemann (University of Ziirich) H(bb) production: resummed pT spectrum

bbH,(2)
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Resummation coefficients: determination of beH( )

» hard-collinear function:
be(2) be(z) 5
= + known
bb%bb( ) ( ) [Catani, Cieri, de Florian,

Ferrera, Grazzini '12]

> use unitarity:

tot) / dp? doyg B dag%as) N / i aggs)
f. T 1de |, dp% T dp%
-0 f.o. l.a.
=z Hyp )
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Resummation coefficients: determination of beH( )

» hard-collinear function:
be(2) be(z) 5
= + known
bb%bb( ) ( ) [Catani, Cieri, de Florian,

Ferrera, Grazzini '12]

> use unitarity:

(res) (
t t do do, b
o) /d [ bb _ d;g +/de bg
.a.
=26 1)
— numerical result: H?*"®) = 10.47 + 0.08
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Resummation coefficients: determination of H2?"(?)

b
— numerical result: HfbH’(z) = 10.47 +£0.08

» recently: universal Form of H(®) determined
[Catani, Cieri, de Florian, Grazzini '13]
— for both gg- and gg-initiated processes
— process dependence: finite part of virtuals
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Resummation coefficients: determination of H2?"(?)

b
— numerical result: Hf:bH’(z) = 10.47 +£0.08

» recently: universal Form of H(®) determined
[Catani, Cieri, de Florian, Grazzini '13]
— for both gg- and gg-initiated processes
— process dependence: finite part of virtuals

» anlytical result from two-loop virtuals:
[Harlander, Tripathi, MW '14]

5 21 1 2
-] (3o ()

5260 5 , O
+ ( 576 12 4C3> CA]
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Resummation coefficients: determination of HfbH’(z)

— numerical result: HEEH’(z) = 10.47 +£0.08

» recently: universal Form of H(®) determined
[Catani, Cieri, de Florian, Grazzini '13]
— for both gg- and gg-initiated processes
— process dependence: finite part of virtuals

» anlytical result from two-loop virtuals:
[Harlander, Tripathi, MW '14]

5 21 1 2
-] (3o ()

5260 5 , O
+ ( 576 12 4<3> CA]

=10.52...
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Results

pT1 distribution at NNLO+NNLL:
[Harlander, Tripathi, MW '14]

do do do(ves) da.(res)
dp2 = clp2 - dp2 + dp2
T INNLO+NNLL T INNLO T INNLO T INNLL

do/dp} [pb/GeV] do,;/dp' [pb/GeV]
T e I L
: LHC@8TevV |3 : LHC@8TevV |1
001 L my=1256GeV [ (o myy = 1256 GeV | ]
’ N Ho =my ’ Ho =my
Qy=my/4 ] Qy=my/4 1
0.001 —_ NNLO+NNLL§ 0001 —_ NNLO+NNLL§
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Results

pT1 distribution at NNLO+NNLL:
[Harlander, Tripathi, MW '14]

do do do(ves) da.(res)
dp2 = clp2 - dp2 + dp2
T INNLO+NNLL T INNLO T INNLO T INNLL

JdoderionGe) g e

3 LHC@8 TeV g LHC@8 TeV 3
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0.0001 00001 [
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le-06 1e-06 | 4
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Results

Scale uncertainties (left: Q, right: Q + ur+pr):
[Harlander, Tripathi, MW '14]

do do da(ves) do.(res)
dp2 = clp2 - dp2 + dp2
T INNLO+NNLL T INNLO T INNLO T INNLL

do/dp} [pb/GeV] do/dp} [pb/GeV]

0014 ey, 0014 e e e e e
LHC@8TeV |3 LHC@8TeV |3
0012 E my =125.6GeV |4 0012 E my = 125.6 GeV |4
Ho =my Ho =my
001 | Q=my/2 3 001 £ Q=my/2 3
NLO+NLL ] NLO+NLL  §
0008 £ 7 " NNLO+NNLL § 0008 £ NNLO+NNLL 3
0.006 3 0006 3
0.004 3 0004 3
0.002 3 0002 3
0 e Ry T T T T D s e oo -
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Results

PDF uncertainties [%]

. . T T T T I I T

- NLO+NLL MSTW LHC@8 TeV
PDF+as uncertainties: 10 b wes NNLO+NNLL MSTW myy = 125.6 GeV |

. . , Ho =my

[Harlander, Tripathi, MW '14] ] o= ma/2
S0 b J

T TR P
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PDF uncertainties [%] PDF uncertainties [%]
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Results

Comparison to 5FS NLO+PS:

[Frederix, Frixione, Maltoni, Torielli, MW]

M. Wiesemann

( pt Higgs incl central value
— T T T
bbH @ LHC 13 TeV, My=125 GeV (pb/bin) 6FS NNLL
— 6FS HW++
—— 6FS PY8

Preliminary

L

Ll

g
=]
|
= ]
S

e @
> @

O [T
[l
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Results

Comparison to 4FS and 5FS NLO+PS:

[Frederix, Frixione, Maltoni, Torielli, MW]

M. Wiesemann

( pt Higgs incl central value

1074 |-

L I L B L B
bbH @ LHC 13 TeV, My=125 GeV (pb/bin) 6FS NNLL
—— 6FS HW++
—— 5FS PYS
—— 4FS HW++

PRI
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pT resummation
» sudakov: asl ~ O(1)

SC(A7 B) = exp { Lg(l)(asL) +g(2)(asL) +asg(3)(asL) +O‘§ T

LL

NLL

NNLL

» L=1In(@*b?/b3) = In(@%/p%), Q: resummation scale
» Ll g® - A
NLL: g@ — A®) g ()
NNLL: g3 — AG) B ()
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pT resummation

> determination of resummation coefficients:
» expand resummation formula in a;

» compare to small pr region of fixed order cross section
> Q < M:

Q [dolres) v (%[ do
(673 / [ d 5 dp%— = diz dp%—
0 PT Into 0 PT Into
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pT resummation

» determination of resummation coefficients:

» expand resummation formula in a;
» compare to small pr region of fixed order cross section

> Q < M:

Q? [dg(fes)] Q3 [ ] )
Qs . / 5 T = / de
0 drT o dp? NLO

F(AM, BM) M) HM) = Ky In?(Q3/M?) + Ky In(Q3/M?) + Ky
+0(Q5/M?)

» known for Drell-Yan and gg — H up to NNLL
[Kodaira, Trentadue '82], [Davies, Stirling '84], [Catani, D'Emilio, Trentadue '88],
[de Florian, Grazzini '01], [Becher, Neubert '11], [Catani, Grazzini '11], [Catani,
Cieri, de Florian, Ferrera, Grazzini '12]
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